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Aging has been associated with a decline in immunocompetence and resistance to infections, partially due
to dysregulated NO production by macrophages and deficits in mounting Th2 cell responses. We wondered if
these alterations would reverse the immune response in experimental leishmaniasis. Bone-marrow-derived
macrophages from 2- and 18-month-old (senescent) C57BL/6 or BALB/c mice showed no marked difference in
leishmanicidal functions. In vivo infections of resistant C57BL/6 mice with Leishmania major revealed no
difference between senescent and young mice. However, among susceptible BALB/c mice, senescent animals showed
less foot-pad swelling than young mice, and 40 to 60% of them even showed healing of ulcers, reduced parasite
dissemination, and a Th1 cell response. These changes were associated with a spontaneous release of inter-
leukin-12 (IL-12) by macrophages from aged but not from young mice. Since exogenous microbial stimulation
can influence immune responses during aging, we also infected senescent mice who were raised under specific-
pathogen-free (SPF) conditions. They showed neither resistance nor a Th1 response, but their macrophages
still spontaneously released IL-12. A microbiological analysis showed that conventionally kept mice, but not
SPF mice, had experienced infection with murine hepatitis virus (MHV), an infection associated with a Th1-
like response. We conclude that for the reversal of the immune response, senescence is the premier requirement
but needs to be completed by another mandatory event such as microbial stimulation. One of the age-related,
but not environment-related, factors is the spontaneous release of IL-12 by macrophages, while confrontation
with MHV presents an environment-related difference, with both having the potential to support a Th1 response.

Morbidity in aging individuals is associated with an increase
in susceptibility to many kinds of tumors, autoimmune disease,
and infectious pathogens (12, 23). The decline in the immune
response toward infectious microbes in senescence is associ-
ated with a dysregulation of certain macrophage functions,
such as NO release (7, 18) or a reduced generation of oxygen
radicals (7). The decline in immune competence is also related
to several defined alterations in the T-cell response combined
with a subsequent reduction in the generation of antibodies
(26). Factors involved in the altered T-cell response in senes-
cent humans or animals include an altered production of T-cell
progenitors (stem cell defects and stromal cell defects), de-
creased levels of newly generated mature T cells (thymic invo-
lution), a decreased ratio of naïve to memory cells, and dis-
rupted activation pathways in immune cells, with impairment
in early CD4-T-cell activation (25). In addition, elderly humans
and aging mice appear to have a deficiency in mounting an
antigen-specific Th2 response (30, 35) coupled with a dimin-
ished production of interleukin-2 (IL-2) or expression of the
IL2 receptor (34). At this point, it would be interesting if this
decreased ability for differentiation into Th2 cells (35) would,
on the other hand, favor a higher propensity for Th1 responses,
and as such, be of advantage in reducing allergic immunoglob-

ulin E (IgE)-mediated reactions or even in fighting infections
requiring a Th1 response.

Immunity to infection with Leishmania major in mice re-
quires an L. major-specific Th1 response as well as efficiently
functioning dendritic cells and macrophages for resistance (4).
Most inbred strains (C3/He and C57BL/6) fulfill these require-
ments by being armed with functional phagocytes and the
ability to mount a Th1 response. However, inbred BALB/c
mice are susceptible, primarily because they mount a Th2 in-
stead of Th1 response.

We wondered if age-related alterations of the immune sys-
tem would result in a different outcome of experimental leish-
maniasis. In particular, we analyzed whether (i) effector func-
tions of macrophages decrease with age and thereby influence
resistance, (ii) the age-related decline in Th2 responses is dom-
inant enough to reduce the generation of Th2 cells in BALB/c
mice or even to bias T-cell differentiation to a Th1 response,
and (iii) there is any additional influence by environmental
factors during aging.

MATERIALS AND METHODS

Animals. Female BALB/c and C57BL/6 mice were obtained from Bomholt-
gard Breeding and Research Centre A/S (Ry, Denmark) and were bred and
raised in conventional animal housing. For a second set of experiments, female
BALB/c and C57BL/6 mice were bred and raised in specific-pathogen-free (SPF)
animal facilities.

Mice were assigned to the group of aged (or senescent) mice once they were
18 months of age. Mice belonging to the group of young mice were 8 to 10 weeks
of age.
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Parasites and experimental infection. L. major (MHOM/IL/81/FE/BNI) was
cultivated in Schneider’s Drosophila medium supplemented with 10% fetal calf
serum (FCS), 2% human urine, 2% glutamine, and 1% penicillin-streptomycin.

Preparation of bone-marrow-derived macrophages. Macrophages were cul-
tured in vitro from bone marrow progenitors. Briefly, mice were killed and their
femurs were removed, cleaned of tissue, and flushed with Hanks’ balanced salt
solution. Erythrocytes were depleted by osmotic shock, and the cells were washed
with Hanks’ balanced salt solution, collected by centrifugation, and cultured at
107 cells per 10 ml of Dulbecco’s modified Eagle’s medium containing 2 mM
glutamine, 0.1 mM nonessential amino acids, antibiotics, and 10% heat-inacti-
vated FCS (Biochrom, Berlin, Germany). The cells were cultured in Teflon bags
(Heraeus, Hanau, Germany) and provided with an additional 10 ml of medium
supplemented with 10% L cell-conditioned medium containing macrophage col-
ony-stimulating factor. After 6 days, the Teflon bags were put on ice to loosen
adherent cells, which then were gently removed and collected by centrifugation.

Phagocytosis assay and killing rate of macrophages. L. major was labeled
with the fluorescent dye 5 (and 6)-carboxyfluoresceindiacetate succinimidylester
(CFDA-SE; Molecular Probes, Leiden, The Netherlands) as previously de-
scribed (32). Macrophages (after 6 days of culture) were seeded into LabTek
culture chamber incubation slides (Nunc, Naperville, Ill.) at 5 � 104 cells per
chamber. Fluorescence-labeled L. major was incubated in 10% mouse serum for
complement opsonization and then added to the cells at a ratio of 4:1 for 2 h at
37°C.

Thereafter, the cultures were washed to remove extracellular parasites. The
initial rate of infection or phagocytosis was evaluated by relating the number of
L. major-infected macrophages to the total number of macrophages for at least
six chambers. The antileishmanial activity was assessed by monitoring the per-
centage of macrophages bearing viable L. major again 48 h after infection and
activation with gamma interferon (IFN-�) (100 U/ml). The data presented are
the mean values for 100 macrophages for at least six chambers.

NO release. NO release was measured as the nitrite concentration in the
supernatant by a microplate assay using Griess reagent as described previously
(8).

Experimental leishmaniasis. Experimental leishmaniasis was initiated by the
subcutaneous application of 5 � 106 L. major promastigotes (stationary phase) in
20 �l of phosphate-buffered saline into the left hind foot pads of at least five
young and five senescent mice per set of experiments. Foot-pad thickness was
measured with a metric caliper. Foot pads from five mice from each group were
harvested 3 days after infection for immunohistochemical analysis of the early
infiltrate. The lymph nodes (LN) and spleen from each mouse were harvested 12
weeks after infection for a determination of the cytokine profile and for a limiting
dilution assay (LDA). These experiments were performed three times.

LDA. Parasite numbers in the spleen were determined 12 weeks after infection
as a parameter for systemic spread by use of an LDA (8), modified by the use of
leishmania medium as specified above instead of slant blood agar.

Antibodies and immunohistochemical staining. The following monoclonal
antibodies against mouse antigens were purchased from several commercial
sources: F4/80 (Biozol, Eching, Germany), BM8 (BMA, Augst, Switzerland),
CD4, CD8, GR-1, murine hepatitis virus (MHV) class II (all by BD Pharmingen,
Hamburg, Germany), and 8E7 (32). Immunohistochemical staining was per-
formed as described elsewhere (38).

Lymphocyte culture. The draining inguinal and popliteal LN were collected at
12 weeks postinfection, and T cells were generated as described previously (13).
Briefly, the cells were purified by passage over a nylon wool column and a
subsequent immunomagnetic depletion of contaminating cells, using monoclonal
antibodies against B220, CD11b, CD16/CD32, CD8, GR1, and CD24 (all ob-
tained from BD Pharmingen). After washing and an incubation with goat anti-rat
IgG MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany), the antibody-
negative cell fraction was separated with an automated magnetic cell sorter
(autoMACS; Miltenyi Biotec) (13). LN cells were cultured in RPMI 1640 plus 2
mM glutamine, 50 �M mercaptoethanol, and 10% FCS (106 LN cells/ml). After
48 h, the LN cells were restimulated with soluble leishmania antigen (SLA)
equivalent to 2 � 106 L. major promastigotes. For control purposes, LN cells
were also stimulated with the mitogens phorbol myristate acetate (3 ng/ml) and
ionomycine (300 ng/ml). Culture supernatants were collected after 48 h and
assayed with an enzyme-linked immunosorbent assay (Pharmingen) for IL-4
(detection limit, �14 pg/ml) and IFN-� (detection limit, �2.5 pg/ml) (32).

Secretion of IL-12 by macrophages. Macrophages were seeded into 24-well
plates at 2 � 105 cells/well in 2 ml of medium. The macrophages were stimulated
for 24 h with lipopolysaccharide (LPS) (20 ng/ml) as a positive control or with
L. major opsonized with fresh mouse serum after being primed with IFN-� (100
U/ml). After 24 h, the concentration of IL-12 in the supernatant was determined

by an ELISA, using a paired monoclonal antibody recognizing both the p75 and
p40 subunits (detection limit, �5 pg/ml) (R&D Systems, Wiesbaden, Germany).

Microbiological analysis. Mice from both conventional and SPF facilities were
screened by a commercial laboratory for natural murine pathogens according to
the guidelines of the Federation of European Laboratory Animal Science Asso-
ciations by serology, PCR, and culturing (28). In addition, residential bacterial
and fungal colonization of the oral cavities, small intestines, and fur of mice from
both facilities were analyzed and compared at the Institute of Medical Microbi-
ology (G. Peters) and at the Laboratory for Dermatomicrobiology (C. Sun-
derkötter, Department of Dermatology, University of Münster).

Statistics. The means and standard deviations (SD) for all numerical data
were calculated. Statistical significance between groups was judged by Student’s
t test. Comparisons of data sets yielding P values of �0.05 were not considered
to be statistically significant.

RESULTS

In order to compare the effector functions of macrophages
from aged and young mice, we analyzed phagocytosis, the
killing of L. major, and NO production.

Phagocytosis of L. major and killing activity by macrophages
from young and aged mice. We determined the infection rates
of macrophages cultured on LabTek culture chambers directly
after phagocytosis and 48 h after activation with IFN-�. Cocul-
turing of L. major with macrophages at a ratio of 4:1 led to an
infection rate of 72% in the case of macrophages from young
mice and of 67% in the case of macrophages from aged mice
(Table 1). Similar results were obtained when the uptake of
fluorescently labeled L. major by macrophages was analyzed by
fluorescence-activated cell sorting, as 75% (�4%) of the mac-
rophages were infected in young mice versus 66% (�6%) in
senescent mice (data not shown). Thus, macrophages from
aged mice are capable of phagocytosing L. major at a slightly,
but not significantly, reduced rate. Forty-eight hours after in-
cubation in the presence of IFN-� (100 U/ml), infected mac-
rophages from young mice were able to eliminate 49% of in-
ternalized L. major parasites, whereas macrophages from aged
mice had killed 51% of ingested L. major parasites (n � 6)
(Table 1).

This indicates that after activation with IFN-�, macrophages
from aged mice present a similar killing rate as macrophages
from young mice.

Release of NO by macrophages from young and aged mice.
As presented in Fig. 1, NO production by macrophages from
senescent mice in response to LPS and L. major was not im-

TABLE 1. Phagocytosis rate and leishmanicidal activity of
macrophages from young and senescent micea

Mouse group

% of L. major-infected
macrophages after:

Elimination
rate (%)

4 h
48 h (plus stimulation

with IFN-� at
100 U/ml)

Young mice 72 � 4 37 � 8 49
Senescent mice 67 � 3 33 � 9 51

a Labeled L. major (CFDA-SE) parasites were coincubated with macrophages
(for 6 days of culture) on LabTek culture chamber incubation slides at an
effectortarget ratio of 4:1. Thereafter, the cultures were washed to remove
extracellular parasites. The initial rate of infection or phagocytosis was deter-
mined by evaluating the percentage of infected cells. The leishmanicidal activity
was assessed by again monitoring the percentage of macrophages bearing L.
major 48 h after infection and activation with IFN-� (100 U/ml). The data
presented are the mean values � SD for 100 macrophages for at least six wells.
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paired, consistent with the similar elimination rates of macro-
phages from senescent and young mice.

Course of experimental leishmaniasis in young and aged
mice. After infection with 5 � 106 L. major promastigotes in
the hind foot pad, senescent C57BL/6 mice showed a similar
course for the swelling of foot pads as young C57BL/6 mice
(Fig. 2), and there was no marked dissemination of parasites
into visceral organs (data not shown).

Thus, resistance remained unharmed in senescent C57BL/6
mice in spite of the various deficiencies which have been re-
ported to take place in the general immune response during
aging (12, 23, 26).

When young and senescent BALB/c mice were infected, we

observed an initially similar increase in foot-pad swelling in
both groups during the first 3 weeks postinfection (Fig. 2). In
the ensuing weeks, swelling in young BALB/c mice progressed
to ulceration of the foot pads beginning after 4 weeks. In
senescent BALB/c mice, the swelling progression was slower
but also finally resulted in the ulceration (albeit retarded) of all
foot pads after 7 weeks. However, when these mice were mon-
itored for longer than 7 weeks, ulceration did not progress or
even healed in up to 60% of senescent BALB/c mice after 10
weeks, leaving a scar (Fig. 3). These aged mice also did not
show signs of markedly reduced health when their organs were
harvested for LDAs at the end of 12 weeks. In contrast, ulcer-
ation and a reduction of general health progressed in all young
BALB/c mice. With LDAs, we only rarely detected parasites in
the spleens of those mice that had healed ulcerations. Among
senescent mice without healing, we observed a spectrum from
low to occasionally marked dissemination into the spleen. In

FIG. 1. NO release. NO release was measured in the supernatants
of macrophages (106 cells/ml). Macrophages were stimulated with
IFN-� (100 U/ml), LPS plus IFN-�, or L. major plus IFN-� or were
kept in basal medium for 24 h. Data are means � SD (n � 6).

FIG. 2. Foot pad swelling (in relation to the noninfected contralat-
eral foot pad) of infected young and senescent C57/BL6 mice and
BALB/c mice (data are means � SD [n � 5]). Foot pads were mea-
sured weekly and did not reveal significant differences between young
and aged C57BL/6 mice. Foot pads of senescent BALB/c mice showed
retarded swelling and ulceration compared to those of young BALB/c
mice. Senescent mice even revealed healing of ulcerations in three of
five feet in this experiment. U, ulcerated foot pad; (U), healed ulcers.
*, P � 0.05 for differences between aged and young mice.

FIG. 3. Healing of ulcerated foot pad of a senescent BALB/c
mouse, but not that of a young BALB/c mouse, 12 weeks after infec-
tion with L. major. (A) Foot pad of a senescent mouse which had
ulcerated after 7 weeks but started to heal 2 weeks later, leaving a scar
and a dilated blood vessel in the central part. (B) Foot pad of a young
mouse after 12 weeks of infection showing a large crusted ulcer.
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contrast, all young BALB/c mice were severely parasitized
(Fig. 4).

Thus, senescent mice showed a stronger containment of
parasite spread than young mice and presented a spectrum
from reduced foot-pad swelling to decreased visceralization
and even healing. This is striking as it shows that BALB/c mice
are capable of becoming resistant without further treatment
when they age.

Lymphokine profile of young and aged mice infected with
L. major. Isolated CD4� LN cells taken from infected young
BALB/c mice and restimulated with SLA regularly showed a
cytokine pattern that was typical for a Th2 response (Fig. 5). In
contrast, CD4� LN cells from infected senescent BALB/c mice
showed a significant increase in the L. major-specific release of
IFN-� (Fig. 5A). Their release of IL-4 was slightly, but not
significantly, less than that from T cells of young infected mice
(178 � 114 pg/ml in senescent mice versus 289 � 51 pg/ml in
young mice). However, when only mice with healed ulcerations
were considered for comparison, the release of IL-4 was sig-
nificantly lower than that from young mice (Fig. 5B). While
IL-4 is a characteristic cytokine for a Th2 response, it was the
increased release of macrophage-activating IFN-� which was
associated with containment of the parasite load (16).

These results show that during senescence some BALB/c
mice are able to mount a Th1 response and to develop resis-
tance. This is remarkable because usually all untreated BALB/c
mice infected with high doses of L. major succumb to viscer-
alization.

Composition of the infiltrate. We did not find any significant
differences in the percentages of immunohistochemically
stained (F4/80-positive) macrophages between young and se-
nescent mice in the early infiltrate after 3 days, nor did we see
significant differences in the local proportions of CD4� and
CD8� cells (data not shown).

Release of IL-12 from cultured macrophages of young and
senescent mice. Splenic macrophages from aged mice were
shown to spontaneously produce IL-12 (36). IL-12 is an im-
portant cytokine for innate immunity, especially in experimen-

tal leishmaniasis, as it is the decisive inducer of a Th1 response
(for a review, see reference 16). We analyzed the ability of
bone-marrow-derived macrophages from senescent mice to
produce IL-12 in response to infection with L. major after
being primed with IFN-� for 24 h. Compared to macrophages
from young mice, cultured macrophages from senescent mice
were found to already have a higher spontaneous production
of IL-12 (Fig. 6). Since IFN-� did not lead to a marked stim-
ulation of IL-12 in untreated and L. major-infected macro-
phages, this difference remained constant in these groups.
When macrophages were stimulated with LPS, cells from both
young and aged mice showed the capability to respond to this
stimulus and to increase the release of IL-12 (Fig. 6).

Environmental conditions. Factors influencing the immune
response over time encompass exogenous stimulation. It was
shown that a continuous exposure to high concentrations of
microbes or microbial products in the environment appears to

FIG. 4. LDAs with spleens from young and aged BALB/c mice 12
weeks after infection. We performed an LDA with the spleen from
each (n � 5) young and senescent mouse in order to analyze viscer-
alization. We did not detect parasites in the spleens of the three mice
with healed ulcerations and detected only a very small number of
parasites in another aged mouse, while only one senescent mouse
showed marked dissemination into the spleen. In contrast, all of the
young mice showed marked to very high dissemination of L. major into
the spleen. *, P � 0.05 for differences between young and aged mice.

FIG. 5. Cytokine assay with LN at 12 weeks postinfection. CD4�

LN cells were restimulated with SLA for 48 h. Subsequently, the IFN-�
and IL-4 contents in the supernatants were determined. CD4� LN
cells from young BALB/c mice that were restimulated with SLA reg-
ularly showed a cytokine pattern typical for a Th2 response. In con-
trast, CD4� LN cells from infected senescent BALB/c mice showed a
significant increase in the L. major-specific release of IFN-� (A). Their
release of IL-4 was not significantly lower than that from T cells of
young infected mice (178 � 114 pg/ml in senescent mice versus 289 �
51 pg/ml in young mice). However, when only mice with healed ulcer-
ations were considered for comparison (n � 3), their release of IL-4
was significantly lower than that from young mice (B). (A) Data are
means and SD (n � 5) for all mice; (B) data are means and SD (n �
3) for mice with healed ulcerations. *, P � 0.05 for differences between
young and aged mice. Dashed line, no stimulation.
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diminish the Th2 cell response (11, 29, 39). On the other hand,
an environment with a low level of microbial contents, as found
in SPF animal facilities, was shown to improve or to also
deteriorate the immune response in various models of inflam-
mation and infection (1, 3, 24, 25). Therefore, we investigated
whether the reversal of the immune response would still pre-
vail in senescent mice bred under SPF conditions and thus
lacking early and continuous exposure of the immune system
to potentially pathogenic microbes. In this experiment, the
susceptibility of senescent BALB/c mice did not differ signifi-
cantly from that of young BALB/c mice. Swelling of the foot
pads (Fig. 7) and parasite loads after 12 weeks were similar and
were associated with a Th2 response in both groups (data not
shown). In resistant C57BL/6 mice, there was also no differ-
ence in the immune response between young and aged mice
(data not shown), indicating that their genetically determined
Th1 responses are independent of exposure to environmental
microbes.

In order to evaluate which microbes might have especially
influenced the T-cell response in senescent mice, we used a
commercial laboratory to screen mice for natural murine
pathogens by serology, PCR, and culturing according to the
guidelines from the Federation of European Laboratory Ani-
mal Science Associations (28). We found that apart from the
unapparent confrontation with potentially pathogenic mi-
crobes during their lifetimes, sera from young and aged mice
from conventional facilities repeatedly tested positive for
MHV titers (Table 2), indicating a long-standing exposure to
this virus. MHV refers to a large group of single-stranded
RNA viruses of the genus Coronavirus with widely varying
pathogenicities (6). In addition, we compared residential bac-
terial colonization of the oral cavities, small intestines, and fur
of mice from both facilities. However, we detected no differ-
ence in resident microbial colonization between mice from

conventional and SPF facilities (microbes in the oral cavity and
colon were Staphylococcus aureus, enterococci, Escherichia coli,
and spore-forming bacteria; microbes in the fur were mostly
S. aureus and E. coli).

We then analyzed IL-12 release by macrophages from SPF
mice that were cultivated and stimulated under the same con-
ditions as those reported for the previous experiments with
macrophages from mice from conventional facilities. Again,
macrophages from aged mice, in contrast to those from young
mice, revealed a spontaneously higher level of IL-12 release
(Fig. 8).

Thus, the higher spontaneous release of IL-12 from un-
stimulated macrophages is dependent on senescence but does
not appear to be dependent on microbial environmental fac-
tors.

Since young BALB/c mice were susceptible, independent of
whether they were kept under SPF or conventional conditions,
and since the spontaneous release of IL-12 was also indepen-
dent of these environmental factors, we have evidence that a
high microbial exposure alone is not sufficient to prevent a Th2
response. On the other hand, an age-inherent decline of the
Th2 cell response in aging BALB/c mice has also been re-
ported for mice under SPF conditions when they were chal-
lenged with, e.g., Schistosoma mansoni eggs or the gastrointes-
tinal nematode Nippostrongylus brasiliensis (35). Our results
indicate that neither the age-inherent decline of the Th2 cell
response nor an early and continuous exposure to pathogenic
microbes in conventional animal facilities alone is sufficient to
overcome susceptibility toward L. major. Instead, the age-in-
herent decline of the Th2 cell response in aging BALB/c mice
needs to be combined with the exposure of mice to pathogenic
microbes to substantially improve the immune response to-
ward L. major.

DISCUSSION

In this study, we showed that senescent BALB/c mice are
more efficient than young BALB/c mice in generating a pro-
tective immune response toward infection with L. major. The

FIG. 6. IL-12 secretion by macrophages. Macrophages were stim-
ulated for 24 h with LPS (20 ng/ml) as a positive control, with IFN-�
(100 U/ml), or with L. major opsonized with fresh mouse serum after
priming with IFN-� (100 U/ml). Macrophages from senescent mice
showed a slightly raised release of IL-12 compared to those from young
mice, and this difference remained apparent after stimulation with L.
major or IFN-�. The secretion of IL-12 was stimulated by LPS in
macrophages from aged and young mice. Data are means � SD (n �
5). *, P � 0.05 for differences between young and aged mice.

FIG. 7. Foot pad swelling (compared to the noninfected contralat-
eral foot pad) of infected young and senescent BALB/c mice from SPF
facilities. Foot pads were measured weekly and revealed no significant
change between young and senescent mice, in contrast to the case for
mice raised under non-SPF conditions. Data are means � SD (n � 5).
U, ulcerated foot pads.
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spectrum of this immune response reached from reduced foot-
pad swelling and retarded ulceration to a complete reversal of
susceptibility, with the emergence of an immunocompetent
Th1 cell response, the containment of parasite spread, and the
healing of ulcerated foot pads.

This is remarkable, as it shows for the first time that some
senescent BALB/c mice are capable of becoming resistant
without further treatment. Usually, infected BALB/mice in a
wide age range succumb to visceralization without exception,
unless they are subjected to exogenous modification of the
immune response, such as the neutralization of IL-4 or the
application of sufficient IL-12 or IFN-� (for a review, see
reference 16). A recent study of factors influencing L. major
infections in IL-4-deficient mice revealed that older but not yet
senescent IL-4-deficient BALB/c mice (26 weeks of age)
present a markedly slower development of ulcers than young
IL-4-deficient BALB/c mice (19). Although the mice in that
study were not yet senescent (6 months versus 18 months) and
were devoid of IL-4, the results indicate that inherent age-
related alterations in the immune response can act comple-

mentarily with exogenous modifications (deletion of the gene
for IL-4) of the immune system to yield apparent clinical ef-
fects.

However, a complete reversal of the immune response did
not occur in each of the aged BALB/c mice in our study, and
it only took place in senescent mice kept under conventional,
not SPF, conditions. This suggests that a continuous exposure
to certain microbes or stimulation by their products has an
influence on this development (1, 3, 24, 25).

In resistant C57BL/6 mice, senescence was not associated
with relevant changes in the immune response toward L. ma-
jor, regardless of whether mice were reared under conventional
or SPF conditions. This is noteworthy in view of the various
deficiencies which have been reported to take place in the
aging immune response (12, 23, 26).

The mechanisms responsible for longer survival among in-
fected senescent BALB/c mice are not likely to encompass
altered functions of their effector cells. Macrophages from
senescent mice, on average, showed no significant differences
in phagocytosis, killing rate, and NO production. A significant

TABLE 2. Microbiological screening of mice from SPF and conventional facilities according to the criteria of FELASA by indirect
immunofluorescence (IFA), cultures, and microscopic analysis

Target organions for test
and test type Method

Result for facility

Conventional SPF

Serology (viruses)
MHV IFA ���a Negative
Ectromelia virus IFA Negative Negative
Epizootic diarrhea of infant mice IFA Negative Negative
Lymphocytic choriomeningitis virus IFA Negative Negative
Mouse adenovirus 2 type K87 IFA Negative Negative
Murine cytomegalovirus IFA Negative Negative
Mouse parvovirus IFA Negative Negative
Lactic dehydrogenase virus Enzymatic Negative Negative
Minute virus of mice IFA Negative Negative
Pneumonia virus of mice IFA Negative Negative
Reovirus type 3 IFA Negative Negative
Sendai virus IFA Negative Negative
Theiler’s encephalomyelitis virus IFA Negative Negative
Polyomavirus IFA Negative Negative
Hantaan virus IFA Negative Negative
Mouse thymic virus IFA Negative Negative

Bacteriology/mycology
Citrobacter rodentium Culture Negative Negative
Clostridium piliforme IFA Negative Negative
Corynebacterium kutscheri Culture Negative Negative
Mycoplasma spp. IFA Negative Negative
Pasteurella pneumotrophica IFA Negative Negative
Streptobacillus moniliformis Culture Negative Negative
Streptococcus sp. (B-hemolytic, not group D) Culture Negative Negative
Streptococcus pneumoniae Culture Negative Negative

Parasitology
Aspiculuris sp. Microscopy Negative Negative
Syphacia sp. Microscopy Negative Negative
Coccidia Microscopy Negative Negative
Giardia sp. Microscopy Negative Negative
Spironucleus muris Microscopy Negative Negative
Trichomonada Microscopy Negative Negative

Flagellates (other) Microscopy Negative Negative
Arthropods Stereomicroscopy Negative Negative

a ���, high titers (�1:80).
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reduction in the generation of NO by macrophages from se-
nescent mice after stimulation with, e.g., IFN-�, was reported
earlier (7, 18). Depressed phagocytic activity has been reported
for aging human monocytes (22). However, recent studies have
revealed that there is no general age-related reduction in
phagocytic functions, but rather a distinct decline depending
on the receptors for different pathogens. As such, the reduced
phagocytosis of S. aureus by senescent macrophages correlated
with a reduction of Fc�R III (CD16), while the uptake of
gram-negative bacteria did not differ, coinciding with the un-
changed expression of CR3 (5). Since CR3 is also a major
receptor for L. major, this may explain why we did not find sig-
nificant age-related differences in the phagocytosis of L. major.

Also, there was no difference in the recruitment of macro-
phages or lymphocytes to foot pads shortly after infection
between young and aged mice. Our results are consistent with
observations from previous studies, which demonstrated, in
addition, no significant changes in the hematopoiesis of leuko-
cytes during aging (for a review, see reference 37).

In contrast, there were differences in the T-cell response
between senescent and young mice that explain the clinical
improvement. CD4-positive T cells from those infected senes-
cent mice that revealed resistance had reverted toward a Th1
response. This change in the T-cell response may compensate
for some previously reported age-related deficiencies of the
T-cell response which we did not analyze in this study but
which were shown to include decreased numbers of newly
generated mature T cells, a decreased ratio of naïve to memory
cells, and impaired activation (26).

There have been conflicting results with regard to the ten-
dency of senescent mice to mount either a Th1- or a Th2-like
cytokine response (14). Some studies report a bias for a Th2
response in aging mice (33), while others demonstrate a pre-

dominance of murine CD4� or CD8� cells releasing IFN-� (9,
10). Data on the cytokine response by T cells are more con-
sistent when they focus on in vivo murine models. Recent work
on two different mouse models involving an in vivo challenge
with S. mansoni eggs or the gastrointestinal nematode N. bra-
siliensis revealed an increased capacity of senescent mice to
produce IFN-� (35) by CD4-positive cells, but also by CD8-
positive (Tc1) cells. Similarly, in senescent rats, allergic bron-
chitis was significantly reduced in correlation with a marked
reduction in the expression of mRNAs for Th2 cytokines (15).
Our study now shows not only that aging mice may reveal a
decline in the Th2 cell response, but also that aging in some
cases even leads to a unique reversal to a Th1 response among
CD4-positive cells. CD8-positive (Tc1) cells may serve as an
additional source of IFN-� (17, 30), but in the high-dose in-
fection model with L. major, CD4-positive Th1 and Th2 cells
are the decisive T cells.

One factor that could facilitate the generation of a Th1
response and contribute to the spectrum of resistance in se-
nescent mice could be the age-related spontaneous release of
IL-12 by their macrophages. We found that this release was
independent of environmental factors. In previous studies, the
spontaneous or LPS-induced release of IL-12 by monocytes or
macrophages was also higher or at least unchanged during
senescence (20, 36). However, our study also demonstrates
that the spontaneous IL-12 release is not sufficient to induce
resistance, as it also occurs in senescent, but still susceptible,
BALB/c mice from SPF facilities.

Although we cannot present the complete sequence of
causal events leading to resistance in senescent BALB/c mice,
we were able to identify that reversal to a Th1 cell response was
the decisive mechanism and that there are at least two man-
datory requirements for this reversal. Our observation that this
reversal never took place in mice who were born and raised
under SPF conditions led to the hypothesis that an exposure to
potentially pathogenic microbes could be a second signal that
is required for a complete reversal of the immune response.

In young and aged mice from conventional, but not SPF,
facilities, titers for MHV were repeatedly positive, indicating
that these mice had been confronted with MHV and prompted
to generate an immune response against it.

It has long been hypothesized that human individuals with a
higher or more frequent exposure to microbes show a propen-
sity to mount a Th1 response rather than a Th2 response. Some
evidence for this theory has recently been provided by a survey
which demonstrated that farm children with higher LPS expo-
sures had a significantly reduced prevalence of Th2-associated
atopic sensitization than children from municipal areas with
less LPS exposure (29). Similarly, changes in the composition
of the intestinal microflora were shown to suppress a Th2
response (39). In our study, we did not find differences in the
intestinal floras between mice from conventional or SPF facil-
ities, nor was there a difference in bacterial colonization of the
oral cavity, small intestine, or fur. Contact with viruses should
also facilitate the development of Th1 responses, as increased
IFN-� production by CD8� T cells was noted for aging human
populations which had experienced more viral exposure (Ep-
stein-Barr virus and cytomegalovirus) (2). In our study, mice
from conventional facilities were negative for murine cytomeg-
alovirus, but in contrast to mice from SPF facilities, they had

FIG. 8. IL-12 secretion by macrophages from SPF facilities. Mac-
rophages from mice kept under SPF conditions were stimulated for
24 h with LPS (20 ng/ml) as a positive control, with IFN-� (100 U/ml),
or with L. major opsonized with fresh mouse serum after priming with
IFN-� (100 U/ml). As shown for macrophages from senescent mice
kept under conventional conditions, macrophages from senescent SPF
mice also showed a slightly raised release of IL-12 compared to those
from young mice, and this difference remained apparent after stimu-
lation with L. major or IFN-�. The secretion of IL-12 was stimulated by
LPS in macrophages from aged and young mice. Data are means � SD
(n � 5). *, P � 0.05 for differences between young and aged mice.

5112 EHRCHEN ET AL. INFECT. IMMUN.



positive titers against MHV. MHV refers to a large group of
single-stranded RNA viruses of the genus Coronavirus with
widely varying pathogenicities. These viruses can infect mice
early in life, inducing an immune response (6). The mice in our
study were clinically normal and presented no signs of demy-
elinating diseases in the central nervous tissue and no overt
signs of hepatitis or gastrointestinal disease. Since titers against
MHV were and had been repeatedly positive in the conven-
tional facilities, we concluded that the mice had been infected
earlier in life and had no active infection. Confrontation with
MHV could still modulate the immune response (6), as its
containment requires a Th1-like response which can be in-
duced even in the absence of IL-12 (27, 31). Remarkably, in
humans, an early infection with human hepatitis A virus ap-
parently reduces the risk of developing a Th2 cell-mediated
manifestation of atopy later in life (21). These findings do not
prove that MHV is the decisive additional factor in the shift to
a Th1 response in otherwise susceptible senescent BALB/c
mice; however, it clearly indicates that factors triggering a Th1
response are involved in supporting senescence-related resis-
tance (20, 36).

Thus, the age-inherent decline of the Th2 cell response, as
reported for aging BALB/c mice in an infection model with S.
mansoni eggs or N. brasiliensis (35), can also be observed in
experimental leishmaniasis, but it is not regularly sufficient to
cause reversal to a Th1 response. According to our results,
reversal to a Th1 response becomes possible when, e.g., aging
mice are not kept under SPF conditions, but rather are ex-
posed at birth and during their lifetimes to an environment
with potentially pathogenic microbes, which may lead to innate
or specific immune responses.

We were thus able to elaborate two absolutely required
conditions for full reversal to a Th1 response, i.e., senescence
and an ensuing mandatory condition, such as the reaction to a
microbial environment, as follows. (i) Age is absolutely re-
quired, as not a single young mouse developed resistance,
irrespective of environmental (SPF or conventional) condi-
tions. (ii) A microbial environment is also mandatory, as se-
nescent mice only developed resistance when they were raised
under non-SPF conditions. (iii) One clearly age-related immu-
nological difference disclosed in this study was a higher spon-
taneous release of IL-12 by macrophages from aged mice than
from macrophages from young mice. This was independent of
the environmental conditions (conventional or SPF facilities).
(iv) One difference in the microbial environment was the MHV
infection of mice, which was endemic to conventional facilities
only and most likely occurred early in life, as the titers were
repeatedly positive. In this context, it is remarkable that the
resolution of MHV infection is associated with a Th1 response
which does not depend on the presence of IL-12 (31, 39). Thus,
this could be a supplemental step in light of the observation
that the higher spontaneous release of IL-12 alone was not
sufficient for reversal of the immune response.

These facts are consistent with the hypothesis derived from
human studies that common infections acquired early in life,
e.g., because of unhygienic living conditions, appear to reduce
the propensity of individuals to develop Th2 cell-mediated
immune responses. Although this hypothesis is still speculative,
it could be the task of future studies to investigate whether
infections with MHV or other microbes in conjunction with

certain senescence-related alterations of the immune response
generate constellations which explain the different levels of
immunologically effective immune response toward L. major.
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